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Bridge A7957 is the first Missouri Department of Transportation (MoDOT) large-scale
project using self-consolidating concrete (SCC) and high-strength self-consolidating
concrete (HS-SCC). The objective of this research was to monitor the initial in-service
behavior of the precast-prestressed concrete primary elements of Bridge A7957 and to
obtain the load distribution of the bridge using field and finite element models (FEM) data.
An initial series of diagnostic load tests was conducted on the bridge superstructure.
Embedded sensors recorded strain variations at different section of the instrumented
girders for different load configurations. An automated total station (ATS) collected the
vertical deflection of the girders at several locations during the application of different test
loads. The load distribution for moment was obtained experimentally (using deflection
and strain data), FEMs, and using the AASHTO LRFD Bridge Design Specifications. The
distribution factors for moment estimated with the AASHTO LRFD equations resulted
in larger values compared to field test and FEM results. No difference was observed
between the response of the SCC and conventional concrete members during the first
series of field load tests.
Keywords: girder distribution factors, lateral load distribution, load distribution factors, diagnostic load test, SCC
prestressed concrete girders

INTRODUCTION
During the last two decades, self-consolidating concrete (SCC) and high-strength self-consolidating
consolidating concrete (HS-SCC) have been successfully implemented in infrastructure projects
due to its effective characteristics (Ouchi et al., 2003; McSaveney et al., 2011; Keske et al., 2014;
Hernandez and Myers, 2015b). The flowable feature of SCC comes with a better consolidation
and placement that result in fewer voids and honeycombing structures. The more condensed
microstructure increases the durability properties of concrete, leading to a longer service life
of the structure. This, combined with reductions in labor and equipment costs and decreased
maintenance costs, lessens the overall initial investment of the project. In addition, HS-SCC brings
an enhanced flexural performance to conventional SCC because of its greater compressive strength.
This stronger flexural characteristic brings the possibility to reduce the number of main carrying
members and interior supports of bridge structures. Despite the benefits that come with using
SCC and HS-SCC, there are some concerns related to its structural and service behavior due to
its constituent materials and proportions. The effect of the larger paste content and the smaller
coarse aggregate size utilized in the mixture is of particular interest (Myers et al., 2012). Therefore,
it is essential to monitor the in-service response of full-scale highway infrastructure utilizing
self-consolidating and high-strength self-consolidating precast-prestressed concrete members.
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An alternative for effectively evaluating the in-service
performance of a bridge structure and its live load-carrying
capacity is provided by field load tests. In general, the AASHTO
Manual for Bridge Evaluation (MBE) defines two different test
options: proof load tests and diagnostic load tests (American
Association of State Highway Transportation Officials, 2015).
Proof load tests are employed to obtain the maximum safe
live load a bridge can withstand without undergoing inelastic
deformations, while diagnostic load tests are used to better
understand the in-service behavior of a bridge. Diagnostic tests
are used to validate design assumptions and to verify the
performance of a structure. Most of the times, a bridge load rating
is improved after a diagnostic load test because this type of tests
implicitly consider in situ parameters that are beneficial to the
response of a bridge superstructure (Cai and Shahawy, 2003). The
aim of this research was to obtain the bridge’s experimental and
FEM lateral load distribution for moment. A diagnostic test plan
was proposed and conducted on Bridge A7957 to accomplish
this goal.
Load rating consists of estimating the live load carrying
capacity a bridge structure can withstand without suffering
damage or undergoing collapse. One of the parameters
used to obtain the rating factor of a bridge structure is
the lateral load distribution. The AASHTO LRFD Bridge
Design Specifications (American Association of State Highway
Transportation Officials, 2017) presented a methodology for
estimating the lateral load distribution factors that quantify the
percentage of the live load applied to a bridge that is carried
by a primary supporting member. This approach permits to
simplify a three-dimensional (3D) structural analysis into a onedimensional (1D) problem that is easier for design engineers
to handle (Barker and Pucket, 2013). Live load effects, such
as bending moments and shear forces, are multiplied by these
factors to obtain a design effect that is applied to the 1D member
instead of the whole 3D system. It is worth noting that the
AASHTO LRFD does not present an approach that evaluates
how live loads are distributed among the girders for in-service
assessments of bridge structures. Instead, the AASHTO approach
proposes a methodology that can be applied to bridges with
a wide range of span lengths, girder spacings and stiffness to
conservatively estimate distribution factors for bridge design
(Harris et al., 2010).
The current AASHTO LRFD Bridge Design Specifications do
not differentiate the design process for primary and secondary
bridge structures. However, the Manual for Bridge Evaluation
clearly defines two levels of bridge performance that are
independent of the bridge importance. The first performance
level is the inventory level that is compared to the capacity
of new structures. The second level of performance is the
operating level that is used to evaluate existing bridges that
were designed for lighter loads than the ones adopted by
the current AASHTO LRFD or for bridges that possess a
reduced structural capacity due to deterioration. This level
generally describes the maximum permissible live load that the
structure may carry (Zhao and Tonias, 2012). The inventory
and operating performance levels are differentiated by the load
and resistance factors employed to obtain the live load effect
at the respective level. Gheitasi and Harris (2015) evaluated the
Frontiers in Built Environment | www.frontiersin.org

FIGURE 1 | Bridge A7957: (A) elevation; (B) cross-section.

inelastic distribution behavior of two steel bridges subjected to
varying loads and support conditions. Results emphasized the
conservativeness of the girder distribution factors for moment
as proposed by the AASHTO LRFD approach (both operational
and inventory levels) since the applied load corresponding to
the critical stage (ultimate capacity) was much larger than the
service load. This study focused on using field data to obtain the
in situ flexural lateral distribution factors of the bridge assuming
the global response of the superstructure remains within the
elastic range.
In the following sections, the instrumentation, field test
program and a comparison between the PC/PS conventional
concrete (CC) and SCC members’ initial in-service response is
presented. In addition, comparisons between the flexural load
distribution factors obtained from field measurements, FEM,
and the AASHTO LRFD approach are presented to estimate the
differences that arise when these three alternative approaches
are employed to assess the in-service response of a prestressed
concrete bridge.

BRIDGE A7957 DESCRIPTION
Bridge A7957, located along Highway 50 in Osage County,
Missouri, is a three-span, continuous, PC/PS concrete bridge
with a skew angle of 30 degrees (Figure 1). Each span
employs PC/PS concrete Nebraska University (NU) 53 girders
fabricated with different concrete mixtures. Girders in the first
span are 30.48 m long and made of conventional concrete
(MoDOT Class A mixture) with a target strength of 55.2
MPa. The girders of the second span measure 36.58 m and
were fabricated with an HS-SCC mixture of 68.9 MPa.
Girders in the third span are 30.48 m long and employ
SCC with a nominal compressive strength of 55.2 MPa
(Hernandez et al., 2014b; Hernandez and Myers, 2016c).
PC/PS concrete panels, with a target compressive strength
of 55.2 MPa, span between the girders’ top flange underneath
the cast-in-place (CIP) reinforced concrete (RC) slab deck
in the transverse direction (Figure 1B). The CIP deck was
cast with a 25% fly ash replacement of a portland cement
2
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FIGURE 2 | Bridge instrumentation details. (A) VWSG installation layout; (B) midspan cluster location; (C) near-end cluster location; (D) prism layout.

Embedded Sensors

mixture with design strength of 27.6 MPa. The bridge
superstructure is supported by two abutments and two
intermediate bents (Figure 1A). The second intermediate bent
and abutments were cast with a concrete mixture that
had a 20% fly ash replacement of portland cement and
a nominal compressive strength of 20.7 MPa. The third
intermediate bent was built using high-volume fly ash concrete
(HVFAC) with a 50% fly ash replacement of portland cement
and a specified compressive strength of 20.7 MPa. The
direction of traffic is along the west-east alienation as shown
in Figures 1, 2, 5.

A total of 86 vibrating wire strain gauges (VWSG) with builtin thermistors (type EM-5) were used to monitor temperature
changes and stress variations from fabrication through service life
(Hernandez et al., 2014a; Hernandez and Myers, 2015b).

Prestressed Concrete Girders
A total of 62 VWSGs were installed in all spans within the
PC/PS girders of lines 3 and 4 before casting. The PC/PS
girders’ cluster locations at which VWSGs were installed are
illustrated in Figure 2. Within girders of spans 1 and 3, the
instrumentation clusters were located at two critical sections:
the first at the midspan and the second approximately 0.61 m
from the support centerline of bents 2 and 3. The clusters in
span 2 were arranged at three different cross-sections: one at
the midspan and the other sections approximately 0.61 m from
each support centerline. Details on the VWSGs installed at the
girders’ near-support and midspan sections before the concrete
was cast are illustrated in Figures 2A,C. The following notation
(Hernandez et al., 2014a,b) was used to define the location of the
VWSGs within the PC/PS girders:

FIELD DATA ACQUISITION
The structural elements of Bridge A7957 were instrumented
during its preconstruction stage. The instrumented elements
included: two PC/PS girders per span and two PC/PS panels
(Figure 2A). The instrumented panels were placed between
girder lines 2 and 3 and between girder lines 3 and 4 at midspan
of the second span (Figure 2B). The type of sensors chosen to be
employed and details about their installation are described in the
following subsections.

Frontiers in Built Environment | www.frontiersin.org

• TD: 150 mm above the bottom layer of the deck
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BD: 50 mm above the bottom layer of the deck (midspan only)
TF: 50 mm below the top layer of the girder
CGC: center of gravity of the composite section
CNC: center of gravity of the non-composite section
(midspan only)
• CGS: center of gravity of prestressed strands
• BF: 50 mm above the bottom layer of the girder.
•
•
•
•

Cast-in-Place Deck and Prestressed Concrete Panels
VWSGs were installed within the CIP RC deck (Figure 2C) in
the longitudinal direction (sensors TD and BD). A VWSG was
transversely deployed at the mid-height of two selected PC/PS
panels (Figure 2B). Finally, two VWSGs were in the transverse
direction of the bridge, between girder lines 2 and 3 and girder
lines 3 and 4. These two sensors were placed directly above
the panels’ sensors, separated 114 mm from the panels’ top
fiber (Figure 2A).

Remote Non-contact Equipment
An automated total station (ATS), Leica TCA2003 with an
accuracy of 1 mm + 1 ppm (distance measurements) and 0.5 arcseconds (angular measurements), was employed to record the
girders’ vertical deflection during the live load tests. Twenty-four
locations were selected to monitor the superstructure vertical
deflection response. During the field test, the ATS continuously
read the bar codes on the horizontal and vertical planes by
projecting a laser ray to the targets (prisms) mounted on the
structure (Hernandez and Myers, 2018a). The accuracy of the
ATS has been reported to be ±0.1 mm in vertical deflection
measurements (Merkle and Myers, 2004). Fifteen ATS prisms
were deployed along the third girder at sections located at 1/6,
1/3, 1/2, 2/3, and 5/6 of the span length. In addition, three
prisms were placed at the midspan section of the girders of each
span (Figure 2D).

FIELD TEST PROGRAM
A monitoring test program, consisting of loading the
superstructure during a series of field load tests, was developed to
oversee the service response of Bridge A7957. The first series of
diagnostic load tests was performed in April and August of 2014.
MoDOT dump trucks loaded the bridge superstructure during
the tests (Hernandez and Myers, 2016a). A total of thirteen
test configurations are reported herein. Six dump trucks were
employed during the first part of the first series of load tests
(April 2014), and three trucks were used in the second part
of the tests (August 2014). The trucks were fully loaded with
gravel and sand before the tests were started. Figure 3 illustrates
the different transverse load configurations and the average
dimensions of the trucks employed during the test.
Table 1 lists the weight of the axles of the truck (Figure 3D) as
reported by MoDOT personnel at the beginning of the tests. The
weight of the trucks was obtained weighing the front axle alone
and the middle and rear axles set at once. For this reason, the
weight of the rear and middle axles of a truck was considered as
equally distributed between these two axles.

Frontiers in Built Environment | www.frontiersin.org

FIGURE 3 | Distance from the trucks to the safety barrier and average truck
dimensions. (A) Stops 1–6; (B) stops 7–9; (C) stops 10–12; (D) stop 13; (E)
average truck dimensions.

Figures 3, 4 show the load configurations (stops) used to
obtain the maximum response of the bridge when a one or two
lanes were loaded. The dimensions shown in Figure 4 represent
the distance measured from the center line of a support (end
abutment or pier cap) to a reference line used to locate the
exterior wheels (close to safety barrier) of the front axle of trucks
1 and 4 during a test. For the first six load stops, the center of the
exterior wheels of each truck was placed 3.25 m from the interior
edge of the safety barrier, as shown in Figure 3A. In the case of
load stops 1–3, two lanes of trucks were driven from east to west
and were used to load the central region of spans 3, 2, and 1,
respectively, as illustrated in Figures 4A,C.
For load stops 4–6, the trucks were driven from west to
east and placed at the center of spans 1, 2, and 3, respectively

4
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TABLE 1 | Weight of trucks.
Test day

Truck

Rear (kN)

Middle (kN)

Front (kN)

1, 2*

1

79.1

79.1

74.0

1, 2*

2

80.8

80.8

57.2

1, 2*

3

75.1

75.1

56.1

1, 2*

4

89.0

89.0

75.3

1, 2*

5

85.1

85.1

77.9

1, 2*

6

83.2

83.2

71.6

3

1

82.3

82.3

61.1

3

2

90.1

90.1

70.9

3

3

84.5

84.5

70.5

*Trucks remained loaded with the same weight during days 1 and 2.

(Figures 4D,F). For load stops 7–9 (Figures 4G,I), the trucks
were driven from west to east, and their exterior axles were
located 1.63 m from the edge of the safety barrier (Figure 3B).
It is important to notice that load stops 1–9 represented twolane loads acting on the superstructure of Bridge A7957. For load
stops 10–12 (Figures 4J,L), one lane of trucks was moved from
west to east, and the trucks were parked on the south side of the
bridge, 0.60 m from the edge of the safety barrier (Figure 3C). In
the case of load stop 13 (Figure 4M), the lane of trucks was driven
from east to west, and was placed on the north side of the bridge,
0.60 m from the edge of the safety barrier (Figure 3D).

TEST RESULTS
Longitudinal Strains
Table 2 reports the longitudinal strain of the bottom flange
obtained from experimental data recorded at midspan sections.
These values correspond to the two-lane and one-lane load
configurations described in the previous section. Larger strains
were collected at midspan of the exterior and interior girders
close to the area on which loads were applied. The measured
strain values, obtained from two-lane load stop configurations
acting on spans 1 and 3 (i.e., stop 1 vs. stop 3, stop 4 vs. stop 6,
and stop 7 vs. stop 9), were compared. The maximum difference
corresponded to a value close to 2%. No significant difference
was observed in the in-service exterior and the behavior of the
interior girders of spans 1 and 3.
For load stops 7 and 9 (two-lane load cases), the difference
in the reported strain values for the interior and exterior girders
was close to 10 percent. This difference can be attributed to
two possible causes. First, the axles of the truck that loaded
the superstructure during these stops might have been placed
at locations that did not correspond to the originally planned
stop configurations (central region of the spans) shown in
Figures 4G,I. Second, for the test stops 7–9, the vertical deflection
was recorded only at the center line of the girders (midspan
locations) due to time restrictions. The necessary time to record
the bridge response during tests 7–9 was half the time employed
to record the response of the bridge during stops 1–6 (12 vs.
24 min.). This reduction of the duration of the tests might have
not allowed the bridge to undergo the total expected flexural
response. Both possible sources of poor correlation need to be

Frontiers in Built Environment | www.frontiersin.org

FIGURE 4 | Static load test configurations. (A) Stop 1; (B) stop 2; (C) stop 3;
(D) stop 4; (E) stop 5; (F) stop 6; (G) stop 7; (H) stop 8; (I) stop 9; (J) stop 10;
(K) stop 11; (L) stop 12; (M) stop 13.

investigated in future series of load tests. However, the data
collected for the two-lane load configurations in spans 1 (CC
girders) and span 3 (SCC girders) were close. These results
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TABLE 2 | Experimental strains and vertical deflections.
Stop

Span

εG1 (µε)

εG2 (µε)

εG3 (µε)

εG4 (µε)

1G1 (mm)

1G2 (mm)

1G3 (mm)

1G4 (mm)

TWO LANES LOADED
1

3

45*

83*

89

48

4.2

7.1

6.9

4.6

2

2

55*

95*

92

54

6.3

9.7

9.5

6.2

3

1

46*

84*

87

49

5.1

6.9

6.7

4.9

4

1

49*

87*

84

46

4.2

6.7

6.9

4.4

5

2

54*

92*

95

55

6.4

9.8

10.1

6.4

6

3

48*

89*

83

45

4.9

8.4

7.8

5.2

7

1

–

–

73

65

4.9

5.1

5.5

5.7

8

2

–

–

80

75

7.3

7.8

8.1

7.6

9

3

–

–

67

58

4.4

5.5

5.9

5.9

ONE LANE LOADED
10

1

–

–

44

64

0.1

1.3

3.5

5.0

11

2

4*

17*

51

78

0.8

2.0

4.9

7.7

12

3

–

–

43

65

1.2

2.1

3.5

5.4

13

2

78*

51*

17

4

8.6

5.4

2.6

1.0

*Values were obtained indirectly by assuming that mirrored image load configurations could produce a symmetrical response of the interior and exterior girders (lines 3 and 4) during
the load test.

values were truncated to the accuracy of the ATS (Hernandez
and Myers, 2015a, 2018b). As in the case of the experimental
strains, larger deflections were recorded for the girders located
close to the region of application of the test loads. Comparable
values, corresponding to stops 1 and 3, stops 4 and 6, and
stops 7 and 9 (two lanes loaded) were also obtained in spans
1 and 3. For the cases of one-lane loaded (stops 10 and 12), a
larger difference ratio (approximately 18% in the case of girder
1) was observed when girders 1 and 2 of spans 1 and 3 were
compared (see Table 2). This difference can be attributed to the
accuracy of the ATS that is close to the measured deflection
values. In future load tests, the magnitude of the loads must
be planned so that the bridge undergoes vertical deflections
larger than the ATS accuracy to minimize the error committed
during data collection. It is noted that the behavior of the girders
in spans 1 and 3 was within the same order of magnitude.
This indicates that the behavior of the span was independent
of the type of material employed to fabricate the PC/PS
concrete girders.

FINITE ELEMENT MODELS
The commercial finite element analysis (FEA) software ABAQUS
(Simulia, 2012) was used to develop 3D, linear, finite-element
models (FEMs) of the bridge superstructure for each of the load
stop configurations presented in Figures 3, 4. The geometry of
the bridge was created from construction documents and was
modeled with 20-node solid elements (Figure 5). The bridge
was modeled considering (1) the primary members (CIP RC
deck shown in Figure 5A and PC/PS concrete girders shown in
Figure 5B); (2) the secondary members (RC safety barriers and
diaphragms shown in Figure 5B). The material of each bridge
component was assumed to be linear elastic for the level of load
applied during the tests. The modulus of elasticity (MOE) of the
different parts was obtained by averaging the results of MOE

FIGURE 5 | Finite element model of Bridge A7957. (A) Entire model; (B) Detail
of girders and secondary elements (Safety barriers and diaphragm).

suggest that the flexural response of these spans was independent
of the materials employed to fabricate the PC/PS girders.

Vertical Deflections
Table 2 lists the vertical deflections obtained at midspan for the
load stops described in the previous section. These deflection

Frontiers in Built Environment | www.frontiersin.org
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of load tests was independent of the type of material used to
fabricate the PC/PS concrete girders (CC and SCC) of spans 1
and 3.

TABLE 3 | Modulus of elasticity of bridge components (GPa).
Bridge component

Test day 1

Test day 2

Girders (Span 1)

38.80

41.20

Girders (Span 1)

39.30

42.25

Girders (Span 1)

38.70

39.99

Safety barrier

35.51

33.78

CIP deck, diaphragms

31.03

31.03

LOAD DISTRIBUTION FOR MOMENT
Lateral distribution factors obtained from field measurements
and FEM simulations are defined herein as load distribution
factors (LDF). In addition, lateral distribution factors obtained
using the AASHTO LRFD approach (American Association of
State Highway Transportation Officials, 2017) are referred to as
girder distribution factors (GDF) following the nomenclature
used by Cai and Shahawy (2003).The LDFs for the exterior and
interior girders were computed using strain and deflection values
obtained experimentally or using FEM.
The LDFs were estimated using longitudinal strain values in
the following manner:

tests conducted on three companion specimens the same day of
the load test. The companion specimens were cast during the
fabrication of the PC/PS concrete girders and the construction
of the bridge components (CIP RC deck, diaphragms and safety
barriers). Table 3 lists the MOE values of the different bridge
components used to create the finite element simulations as
reported by Hernandez and Myers (2015b, 2016b). Two different
sets of MOE values were used as input of the FEMs, depending
whether the load stop was conducted on day 1 (April 2014) or
day 2 (August 2014). Experimental deflection values reported
by Hernandez and Myers (2016a) were utilized to calibrate and
reproduce a finite element model that could predict the response
of the bridge with a reasonable level of accuracy. The calibrated
FEM may be used to perform “virtual load tests” and predict the
response of the bridge subjected to different load configurations
(Hernandez and Myers, 2018a).
The position of the trucks over the slab deck and the distances
between the axles of the trucks were simulated as recorded for
each load configuration. Concentrated forces were applied at
the location of the wheels of the trucks to simulate the weight
of the axles reported by MoDOT personnel (Table 1). Table 4
reports the longitudinal strains measured at the bottom of the
girders (midspan sections) obtained from the FEM simulations.
In general, the finite element models predicted the response of
the bridge for the different load configurations with a reasonable
level of accuracy. The largest difference between the experimental
and FEM strains was close to 15% for all the interior and exterior
girders during most of the load stops. The exception was observed
for the strain value of the exterior girders recorded during stops
11 and 13 that showed a 50% difference. This extreme difference
may be attributed to the proximity of the measured strain value
to the accuracy of the VWSG sensor.
Table 4 also presents the vertical deflections obtained from
FEM simulating the load stops described in the previous section.
Larger deflections were observed for the girders located near the
truck loads. Comparable values, corresponding to stops 1 and 3,
stops 4 and 6, and stops 7 and 9 (two lanes loaded) were obtained
in spans 1 and 3. For one-lane loaded cases (stops 10–13), larger
difference ratios were observed when the experimental and FEM
results were compared. A 500% difference was obtained in the
case of stop 10, and a 50% difference in the case of the exterior
girders for stops 12 and 13. These differences, as mentioned
before, can be attributed to the accuracy of the ATS that is close
to the measured deflection values. In general, the response of the
girders in spans 1 and 3 was within the same order of magnitude
indicating that the response of the spans during the first series

Frontiers in Built Environment | www.frontiersin.org

εi
LDFεi = n Pk
i

(1)

εi

where LDFεi = lateral distribution factor for moment of the
ith girder obtained with longitudinal strains; εi = bottom
flange longitudinal strain of the ith girder at midspan obtained
experimentally or using FEM; n = number of lanes loaded; and k
= number of girders). Similarly, the LDFs were estimated using
vertical deflection values as follows:
δi
LDFδi = n Pk
i

(2)

δi

where LDFδi = lateral distribution factor for moment of the ith
girder estimated with vertical deflections; and δi = deflection of
the ith girder at midspan obtained experimentally or using FEM.

Experimental Load Distribution Factors
Field Longitudinal Strains
The bottom-flange strains of PC/PS girders 1 and 2 were required
to compute the LDF. As mentioned above, VWSGs were installed
at cluster locations along girder lines 3 and 4 (Figures 2, 3),
which allowed direct recording of the strains of girders 3 and
4 for each load stop configuration. The strain values of girders
1 and 2 were indirectly obtained by using the symmetry of the
bridge and assuming that mirrored image load configurations
could produce a symmetrical response of the interior and exterior
girders (lines 3 and 4) during the load test. For two-lane load
cases, stops 3 and 4 (span 1), stops 2 and 5 (span 2), and stops 1
and 6 (span 3) were considered as symmetrical (Figure 4). Stops
11 and 13 (span 2) were also considered symmetrical load stops
for the case of one lane loaded (Figure 4). For instance, during
stop 2, the strains of girders 3 and 4 were directly measured
from the installed sensors (Table 4, columns 5–6). The strains for
girders 1 and 2, as reported for stop 2 (Table 4, columns 3–4),
were interpreted from the measurements recorded during stop
5 (collected by sensors installed within girders 3 and 4). The
same approach was employed to obtain the strains for girders
1 and 2 for the rest of the load stop configurations. The strain

7
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TABLE 4 | FEM strains and vertical deflections.
Stop

Span

εG1 (µε)

εG2 (µε)

εG3 (µε)

εG4 (µε)

1G1 (mm)

1G2 (mm)

1G3 (mm)

1G4 (mm)

TWO LANES LOADED
1

3

46 (−2%)

86 (−4%)

89 (0.0%)

42 (13%)

4.4 (5%)

7.1 (0%)

6.9 (0%)

4.1 (11%)

2

2

55 (0%)

101 (−6%)

102 (−11%)

50 (7%)

5.9 (6%)

10.1 (−4%)

9.9 (−4%)

5.5 (11%)

3

1

44 (4%)

86 (−2%)

84 (−3%)

41 (16%)

4.1 (20%)

6.8 (1%)

6.7 (0%)

3.9 (20%)

4

1

42 (14%)

87 (0%)

89 (−6%)

47 (−2%)

4.1 (2%)

7.0 (−5%)

7.2 (−4%)

4.5 (−2%)

5

2

50 (7%)

101 (−10%)

100 (−5%)

54 (2%)

5.5 (14%)

9.8 (0%)

10.0 (1%)

5.8 (9%)

6

3

44 (8%)

87 (2%)

89 (−7%)

46 (−2%)

4.3 (12%)

7.1 (16%)

7.3 (6%)

4.4 (15%)

7

1

56 (*)

70 (*)

69 (5%)

67 (−3%)

5.0 (−2%)

5.7 (−12%)

6.0 (−9%)

5.6 (2%)

8

2

67 (*)

80 (*)

79 (1%)

74 (1%)

6.8 (7%)

7.7 (1%)

8.0 (1%)

7.5 (1%)

9

3

58 (*)

69 (*)

69 (−3%)

63 (−9%)

5.1 (−16%)

5.7 (−4%)

5.9 (0%)

5.5 (7%)
5.2 (−4%)

ONE LANE LOADED
10

1

4 (*)

16 (*)

41 (7%)

66 (3%)

0.6 (−500%)

1.6 (−23%)

3.6 (−3%)

11

2

2 (50%)

18 (−6%)

47 (8%)

76 (3%)

0.5 (38%)

2.0 (0%)

4.8 (2%)

7.3 (5%)

12

3

4 (*)

16 (*)

41 (5%)

65 (0%)

0.6 (50%)

1.6 (24%)

3.6 (−3%)

5.1 (6%)

13

2

76 (3%)

46 (10%)

18 (−6%)

2 (50%)

7.3 (15%)

4.8 (11%)

2.0 (23%)

0.5 (50%)

The values within parentheses represent the percent difference between the values obtained experimentally (reported in Table 2) and using FEM simulations (reported herein). The
expression [(Exp-FEM)/Exp] was used to compute these ratios. Where Exp = experimental strain or deflection value; and FEM = strain or deflection value obtained from FEM simulations.
*Values were not estimated since experimental data was not available.

during stops 1 and 3. For the interior girders this difference was
below 4%. The discrepancy obtained in LDF values was lesser that
the one observed in the case of the LDF values estimated with
deflection measurements.

values for girders 1 and 2 were not obtained for those load stops
without a mirrored load stop image, as was the case of stops
7–10 and 12. Table 5 presents the LDF values computed using
the experimental strain values reported in Table 2 (columns 3–
6). The distribution factor of an interior or exterior girder is
defined as the maximum value estimated using the experimental
or AASHTO LRFD approach. For the stop configurations used to
load the bridge during this first series of load tests, no difference
was observed when the LDF of the interior girders 1 and 4 was
compared (0.52 vs. 0.52). In the case of the interior girders 2 and
3, the maximum LDF values were 0.654 vs. 0.672, respectively.
This difference represents a 1.8% of the absolute live load applied
to bridge structure that is distributed to an interior girder.
Comparison of the LDF values for the exterior and interior
girder of spans 1 and 3 were performed for stops 1 and 3, and
4 and 6 (two-lane load cases). These comparisons are reported
in terms of the live load applied to the bridge that was carried
by a girder. The maximum difference (1.8%) was noted for the
interior girders during stops 1 and 3. This discrepancy might
be related to the precision of the sensors and differences in the
point of applications of the test load within the central regions of
spans 1 and 3.

FEM Load Distribution Factors
FEM Longitudinal Strains
Table 5 presents the LDF values estimated with the FEM
longitudinal strains reported in Table 4 (columns 3–6). The FEM
LDF values are compared to LDFs obtained with experimental
strain values. The values within parentheses represent the
difference between the experimental and FEM LDF values. This
percentages are expressed in terms of the absolute portion of live
load applied to the bridge that is carried by a girder.

FEM Deflections
The LDF values, reported in Table 6, were determined using
the FEM values of the vertical deflections presented in Table 4
(columns 7–10). These locations were selected as they correspond
to maximum deflection and/or positive or negative stress. FEM
and experimental LDF values estimated using vertical deflections
are reported and compared in this table. The difference is
presented within parentheses. As shown in the previous section
(FEM Longitudinal Strains), the percentages are expressed in
terms of the absolute portion of live load applied to the bridge
that is carried by a girder. As in the case of the LDFs estimated
with experimental and numerical strain values, it was noted
that the experimental and numerical LDFs determined with
deflection results were comparable and within the same order of
magnitude suggesting that the accuracy of the FEM simulations is
acceptable. The FEM models were calibrated using the field data
as reported by Hernandez and Myers (2018a). These models may
be used to predict the response of the bridge in future load tests if
the superstructure is subjected to load configurations different to

Field Deflections
Table 6 lists the LDF values estimated with the experimental
deflections reported in Table 2 (columns 7–10). The LDF values
reported in Table 6 are comparable to the experimental LDF
values listed in Table 5 suggesting that both variables can be
used to estimate the load distribution for moment using field
data. Comparisons of the LDF values for the exterior and interior
girders of spans 1 and 3 were performed for stops 1 and 3, 4
and 6, and 7 and 8 (two-lane load cases) in terms of the live
load applied to the bridge that was carried by a girder. The
maximum difference (6%) was observed for exterior girder 1

Frontiers in Built Environment | www.frontiersin.org
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TABLE 5 | Experimental and FEM LDFs (estimated with longitudinal strain values).
Stop

Span

LDFE
/LDFFEM
1
1

LDFE
/LDFFEM
2
2

LDFE
/LDFFEM
3
3

LDFE
/LDFFEM
4
4

TWO LANES LOADED
1

3

0.340/0.350 (−1.0%)

0.626/0.654 (−2.8%)

0.672/0.677 (−0.5%)

0.362/0.319 (4.3%)

2

2

0.372/0.357 (1.5%)

0.642/0.656 (−1.4%)

0.622/0.662 (−4.0%)

0.365/0.325 (4.0%)

3

1

0.346/0.345 (0.1%)

0.632/0.675 (−4.3%)

0.654/0.659 (−0.5%)

0.368/0.322 (4.6%)

4

1

0.368/0.317 (5.1%)

0.654/0.657 (−0.3%)

0.632/0.672 (−4.0%)

0.346/0.355 (−0.9%)

5

2

0.365/0.328 (3.7%)

0.622/0.662 (−4.0%)

0.642/0.656 (−1.4%)

0.372/0.354 (1.8%)

6

3

0.362/0.331 (3.1%)

0.672/0.654 (1.8%)

0.626/0.669 (−4.3%)

0.340/0.346 (−0.6%)

7

1

(*)/0.427 (*)

(*)/0.534 (*)

(*)/0.527 (*)

(*)/0.511 (*)

8

2

(*)/0.447 (*)

(*)/0.533 (*)

(*)/0.527 (*)

(*)/0.493 (*)

9

3

(*)/0.448 (*)

(*)/0.533 (*)

(*)/0.533 (*)

(*)/0.486 (*)

ONE LANE LOADED
10

1

(*)/0.031 (*)

(*)/0.126 (*)

(*)/0.323 (*)

(*)/0.520 (*)

11

2

0.027/0.014 (1.3%)

0.113/0.126 (1.3%)

0.340/0.329 (1.1%)

0.520/0.531 (−1.1%)

12

3

(*)/0.032 (*)

(*)/0.127 (*)

(*)/ 0.325 (*)

(*)/0.516 (*)

13

2

0.520/0.535 (−1.5%)

0.340/0.324 (1.6%)

0.113/0.127 (−1.4%)

0.027/0.014 (1.3%)

LDFE , load distribution factor estimated with experimental data; LDFFEM , load distribution factor estimated with FEM results. The values within parentheses represent the difference
between the LDF obtained using experimental and FEM data. This percentage is expressed in terms of the absolute portion of live load applied to the bridge that can be carried by a
girder. The expression (Exp-FEM) was employed to compute this absolute percent difference between the experimental and FEM LDFs. Where Exp = experimental strain or deflection
value; and FEM = strain or deflection value obtained from FEM simulations. *Values were not estimated since experimental data was not available.

TABLE 6 | Experimental and FEM LDFs (estimated with deflection values).
Stop

Span

FEM
LDFE
1 /LDF1

FEM
LDFE
2 /LDF2

FEM
LDFE
3 /LDF3

FEM
LDFE
4 /LDF4

TWO LANES LOADED
1

3

0.368/0.391 (−2.3%)

0.623/0.631 (−0.8%)

0.605/0.613 (−0.8%)

0.404/0.364 (4.0%)

2

2

0.397/0.376 (2.1%)

0.612/0.643 (−3.1%)

0.599/0.631 (−3.2%)

0.391/0.350 (4.1%)

3

1

0.432/0.381 (5.1%)

0.585/0.633 (−4.8%)

0.568/0.623 (−5.5%)

0.415/0.363 (5.2%)

4

1

0.378/0.360 (1.8%)

0.604/0.614 (−1.0%)

0.622/0.632 (−1.0%)

0.396/0.395 (0.1%)
0.391/0.373 (1.7%)

5

2

0.391/0.354 (3.7%)

0.599/0.630 (−3.1%)

0.618/0.643 (−2.5%)

6

3

0.373/0.372 (0.1%)

0.639/0.615 (2.4%)

0.593/0.632 (−3.9%)

0.395/0.381 (1.4%)

7

1

0.462/0.448 (1.4%)

0.481/0.511 (−3.0%)

0.519/0.538 (−1.9%)

0.538/0.502 (3.6%)

8

2

0.474/0.453 (2.1%)

0.506/0.513 (−0.7%)

0.526/0.533 (−0.7%)

0.494/0.500 (−0.6%)

9

3

0.406/0.459 (−5.3%)

0.507/0.514 (−0.7%)

0.544/0.532 (1.2%)

0.544/0.495 (4.9%)

ONE LANE LOADED
10

1

0.010/0.055 (−4.5%)

0.131/0.145 (−1.4%)

0.354/0.327 (2.7%)

0.505/0.473 (3.2%)

11

2

0.052/0.034 (1.8%)

0.130/0.137 (−0.7%)

0.318/0.329 (−1.1%)

0.500/0.500 (0.0%)

12

3

0.098/0.055 (4.3%)

0.172/0.147 (2.5%)

0.287/0.330 (−4.3%)

0.443/0.468 (−2.5%)

13

2

0.489/0.500 (−1.1%)

0.307/0.329 (−2.2%)

0.148/0.137 (1.1%)

0.057/0.034 (2.3%)

LDFE , load distribution factor estimated with experimental data; LDFFEM , load distribution factor estimated with FEM results. The values within parentheses represent the difference
between the LDF obtained using experimental and FEM data. This percentage is expressed in terms of the absolute portion of live load applied to the bridge that can be carried by a
girder. The expression (Exp-FEM) was employed to compute this absolute percent difference between the experimental and FEM LDFs. Where Exp = experimental strain or deflection
value; and FEM = strain or deflection value obtained from FEM simulations.

to compute the interior and exterior girder distribution
factors (GDFs) for single and multiple loaded lanes. The
GDF for an interior girder with two or more (multiple)
design lanes loaded was estimated using the following
equation (SI units):

the ones used during this first series of load tests. In such as a case,
if the experimental deflections are larger than the FEM values, it
may be an indicator of the incursion of the bridge response within
the inelastic range.

AASHTO Girder Distribution Factors
The AASHTO LRFD methodology (American Association
of State Highway Transportation Officials, 2017) was used

Frontiers in Built Environment | www.frontiersin.org

m
GDFint
= 0.075 +

9



S
2900


0.4  0.2 
Kg 0.1
S
L
Lts 3

(3)
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where S = girder spacing (mm); L = span length (mm); ts = deck
thickness; Kg = stiffness parameter (mm4 ); Kg = n(Ig +e2g Ag );
eg = girder eccentricity (vertical distance from the centroid
of the girder to the centroid of the slab); n = modular ratio
(Egirder /Eslab ); E = modulus of elasticity of the concrete computed
as 57,000(f ’c )0.5 ; f ’c = nominal compressive strength of concrete;
Ig = moment of inertia of the girder (mm4 ); and Ag = area of
the cross section of the girder (mm2 ). The GDF of an interior
girder with a single lane loaded was computed using the following
expression (SI units):
s
GDFint
= 0.06 +



S
4300


0.4  0.3 
Kg 0.1
S
L
Lts 3

TABLE 7 | Bridge design parameters.
Variable

(6)

where de = horizontal distance from centroid of the exterior
girder to the inside edge of the barrier or curb (mm). The multiple
presence is implicitly considered in the AASHTO LRFD lateral
distribution equations following the methodology proposed by
Zokaie (2000).
The simple static distribution approach, also known as the
lever rule, was employed to estimate the exterior GDF for a
single lane loaded. The multiple presence must be considered
explicitly when the lever rule method is employed. The following
expression was written assuming a hinge develops at an interior
support (girder 2 or 3) and by summing moments caused by the
acting forces (resultant force P in Figures 3C,D) and the exterior
girder reaction about the interior girder. Thus:
GDF sext =mp



S+de −dR
S



1.2383 × 1011

f’c_girder (MPa)

55.2

68.9

Egirder (GPa)

35.2

39.3
27.6

f’c_slab (MPa)

27.6

Eslab (GPa)

24.9

24.9

n

1.414

1.581

880

880

702.207 × 109

785.936 × 109

de (mm)

914

914

S (mm)

3,250

3,250

L (mm)

30,480

36,580

ts (mm)

216

216

e (mm)

1.096

1.096

θ (◦ )

30

30

C1

0.0876

0.0961

SF

0.962

0.961

Span

Case
(lanes
loaded)

GDFint

GDFint
GDFext
(corrected*)

GDFext
(corrected*)

1, 3

≥2

0.819

0.783

0.901

1, 3

1

0.558

0.533

0.975

0.932

2

≥2

0.788

0.756

0.866

0.832

2

1

0.528

0.507

0.975

0.936

* Skew

0.861

factors correct the GDF values.

RESULTS AND DISCUSSION

(7)

The interior and exterior girder distribution factors for moment
are designated as the maximum values of the distribution factor
obtained (using field data or the AASHTO LRFD equations)
when a single-lane or multiple-lane load cases are evaluated.
Several critical load configurations were evaluated to determine
the maximum effect acting within the primary carrying members
of the bridge. In the case of Bridge A7957, the experimental
distribution factor obtained for spans 1 and 3 (Tables 5, 6) were
comparable showing that this parameter is independent of the
type of material employed to fabricate the prestressed concrete
girders. The interior load distribution, LDFint , calculated from
experimental data and FEM results, corresponded to 0.672 and
0.677, respectively. Furthermore, the exterior load distribution
factor, LDFext , estimated from test and FEM data was 0.520 and
0.535, respectively. The maximum difference observed was close
to 4%, suggesting that the calibrated FEM can reproduce the
behavior of the bridge with an acceptable level of accuracy for the
level of load applied during the load tests. The calibrated FEM can
be used to study the response of the bridge for load configurations
different to those conducted during the field load test.

(8)
(9)

where SF = skew correction factor (if 30◦ ≤ θ ≤ 60◦ ); and
θ = skew angle. Table 7 summarizes the parameters of the
bridge employed to determine the GDF of the exterior and
interior girders.
Table 8 lists the GDF values estimated according to AASHTO
LRFD approach. The GDF values listed on columns 3 and 5 were
corrected using the skew correction factors presented above. The
corrected factors are listed in columns 4 and 6.
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479.9 × 103

1.2383 × 1011

TABLE 8 | AASHTO LRFD GDFs.

where mp = multiple presence factor (equal to 1.2 for a single
lane loaded); dR = horizontal distance from the inside edge of
the barrier or curb to the point of application of the force P
(resultant force of a truck applied at center of the axle as shown
in Figure 3D). A skew factor was estimated with the following
expressions to modify the AASHTO GDF values.
SF = 1 − C1 (tan θ )1.5
  

Kg 0.25 S 0.5
C1 = 0.25
Lts 3
L

479.9 × 103

Ig (mm4 )

Kg (mm4 )

(5)

Span 2

Ag (mm2 )

eg (mm)

(4)

The GDF of exterior girders for two or more design lanes loaded
was computed with the following expressions (SI units):
m
GDFext
= e(GDF m
i )
de
e = 0.77 +
≥1
2800

Spans 1 and 3

10
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In addition, experimental distribution factors consider the
actual bridge condition. Consequently, experimental distribution
factors are more suitable for conducting a load rating evaluation
of an existing bridge. The presence of damage, aging or
both in the main carrying members may influence the load
distribution response since the main supporting members
that exhibit less loss of stiffness are expected to carry
larger loads than those members showing larger signals of
distress. These two possible scenarios were outside the scope
of this study.

The computed AASHTO LRFD interior and exterior girder
distribution factors, GDFint and GDFext , were 0.783 and 0.936,
respectively. These values represent approximately 17% and
80% difference for the interior and exterior girder lateral load
distribution factors obtained experimentally and using FEM data.
In the case of Bridge A7957 and the load configurations used
during the first series of diagnostic load tests, these results imply
that the AASHTO LRFD GDF values are more conservative
than the LDF values obtained from experimental data and
FEM simulations.
It should be noted that the AASHTO LRFD methodology
is suitable for bridge design. Diagnostic load tests have
demonstrated to be more appropriate to assess the load
distribution response of existing bridges. Consequently, it is
recommended to use more refined methods to estimate the load
distribution during the load rating evaluation of existing bridges.
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